The energy-transducing mechanism of the thermoacidophilic archaebacterium Sujfilobus s DSM 639 has been studied, addressing the question whether chemiosmotic proton Sulfolobus acidocaldarius (9) is a typical representative of the sulfur-dependent archaebacteria, requiring high temperatures (70 to 80°C) and acidic medium (pH 2.0 to 3.5) for optimal growth. Although S. acidocaldarius metabolizes glucose by a modified Entner-Doudoroff pathway (19), it is not known whether under these conditions ATP is generated by direct carbohydrate degradation or by chemiosmotic utilization of a proton gradient, as reported for halophilic and methanogenic archaebacteria (6, 14, 27 ).
Sulfolobus acidocaldarius (9) is a typical representative of the sulfur-dependent archaebacteria, requiring high temperatures (70 to 80°C) and acidic medium (pH 2.0 to 3.5) for optimal growth. Although S. acidocaldarius metabolizes glucose by a modified Entner-Doudoroff pathway (19) , it is not known whether under these conditions ATP is generated by direct carbohydrate degradation or by chemiosmotic utilization of a proton gradient, as reported for halophilic and methanogenic archaebacteria (6, 14, 27) .
Proton-translocating activity coupled to respiration (48) has been found in Sulfolobus species. Also, the existence of a membrane-associated ATPase (34, 43) has been established which is immunologically related to the F1 part of known energy-transducing H+-ATPases (41, 42) . However, little is known about the existence of an Fo-analogous proton channel in Sulfolobus species or other archaebacteria (40) . The present study addresses the question of how N,N'-dicyclohexylcarbodiimide (DCCD), a classical covalently binding inhibitor of ion-translocating ATPases and ATP synthases (3) , affects the components of the proton motive force in this archaebacterium. The data not only demonstrate electron transport-coupled phosphorylation in S. acidocaldarius but also reveal the presence of a low-molecular-glycine-sulfate pH 3.5] supplemented with 14 mM D-glucose. The total cell protein concentration was 2.5 mg/ml (measurements at 45°C) or 0.5 to 1.0 mg/ml (measurements at 60°C). Upon prolonged recordings after complete consumption of the physically dissolved 02, pulses of oxygen were given by adding 0.5 to 1 ,l of 3% (wt/vol) H202 and 10 p1 of catalase (20 mg/ml; Boehringer GmbH, Mannheim, Federal Republic of Germany). If required, samples for ATP determination (see below) were withdrawn from the reaction vessel (measurements at 60°C).
Measurement of ApH and A*. In a total volume of 5 ml of BSG medium plus glucose (as described above), specific radioactive indicator substances were incubated with Sulfolobus cell suspensions (protein concentration, 2.5 mg/ml). Thermostatted at 45°C, the suspensions were stirred rapidly within a water-jacketed glass vessel with a large surface area in order to efficiently allow oxygen access. Samples (0.3 ml) were taken in 3-min intervals. The samples were immediately centrifuged (12 ,000 x g) for 2 min at room temperature through a 100-pd silicon oil layer in Eppendorf reaction tubes (density, 1.065 g/cm3 at 20°C; mixture from AR20 and AR200 silicon oils; Wacker Chemie, Munich, Federal Republic of Germany). The total pellets, obtained by cutting away the bottom of the tubes with a razor blade, and samples of the clear supernatants were solubilized or dissolved, respectively, in a mixture of 0.5 ml of 5% sodium dodecyl sulfate (SDS)-10 ,ul of 10 N NaOH. After shaking overnight in a water bath at 40 to 50°C, 4.5 ml of the Miniria M20 scintillation cocktail ( Rottenberg (56) .
Correction for probe binding. The amount of energyindependent probe binding was determined after treatment of Sulfolobus cells with 5 or 10% (vol/vol) n-butanol in BSG buffer in the presence of the respective radioactive probe at room temperature for 2 to 12 h (4, 39). After separation by silicon oil centrifugation, the bound and free concentrations (Cb and Cf) of probe molecules were analyzed as described above. In a broad range of concentrations, the relation of Cb and Cf was linear (72) , and the binding factors (k, where k = Cb/Cf) were determined to 3.8 for KSCN, 5 (29) . Cyanogen bromide fragmentation of the purified proteolipid was performed as described elsewhere (29) , and the fragments generated were separated by SDS-PAGE (57) . Partial amino acid sequences of the proteolipid or its cyanogen bromide fragments were determined by a type 470A device (Applied Biosystems), using on-line detection of phenylthiohydantoin-derivatized amino acids under standard conditions (29) .
Other materials. All chemicals were purchased from E. Merck AG, Darmstadt, Federal Republic of Germany; biochemicals were from Boehringer. 3,5-di(tert-butyl)-4-hydroxybenzylidenemalononitrile ( measured as inside negative after subtraction of probe binding.
In the presence of protonophores, the proton motive force collapsed to different extents (Table 1) , depending on the H+-conducting potency of the respective agent. Due to the marked influx of positive charges induced by protonophores, the membrane potential was reversed to values up to approximately +70 mV, thus compensating for the residual pH difference across the membrane. Under these conditions, the proton motive force vanished almost completely.
Direct correlation of respiration and ATP synthesis. As shown in earlier experiments (2) , sudden anaerobiosis caused a drop of cellular ATP concentration which recovered immediately after an oxygen pulse. Protonophores such as SF 6847 or TTFB caused a stimulation of cellular respiration by dissipation of Ap accompanied by a decay of ATP content. Figure 1 presents the time course of the components of the proton electrochemical gradient and of cellular ATP after TTFB addition. The respiratory rate under the respective conditions was approximately doubled (data not included). The parallel decrease of the indicated parameters and the increased 02 uptake suggest direct coupling between Ap and ATP synthesis. The persistence of a residual Ap and a low ATP level even in the presence of uncoupler presumably results from limited efficiency of the agent due to an unfavorable combination of uncoupler pK value and the low medium pH (13) . Evidently, by TTFB addition the internal pH was altered only insignificantly.
Effect of DCCD on ATP synthesis. Consistent with the above data, the proton was likely to be the main coupling ion. In fact, DCCD, a covalently binding and extremely efficient energy transfer inhibitor in FoF, ATPases (3, 64), also affected Sulfolobus ATP synthase (40) . However, fairly high concentrations of DCCD were required for substantial effects on the ATP level of Sulfolobus cells. This may be due to rapid thermal decomposition of the highly reactive DCCD (3) . The addition of up to 400 nmol per mg of cell protein instantly inhibited cellular ATP regeneration and depressed respiratory activity at 60°C (data not shown). At a lower temperature (45°C), 180 nmol per mg of protein was sufficient for prompt inactivation of ATP synthesis. According to the expected blocking action on proton channels, DCCD caused a significant hyperpolarization of the plasma membrane when TPP+ was chosen as a reporter ion for A+4. An intensification of the (inside-negative) membrane potential (A4v) by 20 to 30 mV was observed, indicating that the inward flux of positive charges (hydrogen ions) was impaired by the agent. DCCD induced a kind of respiratory control phenomenon expressed by an unlowered proton motive force (Ap) at a simultaneously reduced respiratory rate (Fig. 2) . This inhibition was counteracted by gramicidin D (or TTFB [data not shown]), with a concomitant collapse of the electrochemical proton potential. Thus, an interaction of DCCD with respiratory electron transport could be excluded, while the decay of ATP was likely to result from inhibition of an inward proton flux through an ATP synthase complex.
Unexpectedly, the intracellular ATP concentration rose slightly again when ionophores (Fig. 2) or protonophores ( .) ; assuming that the adenine nucleotide pool consists almost entirely of the sum of ATP and ADP concentrations (15) under normal conditions (i.e., before addition of DCCD), the AMP content could be calculated from the difference of total adenine nucleotide and ATP plus ADP concentrations. 6.5). Five minutes after transfer to acidic medium (pH 3.5) at 60°C, the ATP content of pretreated cells was determined (Fig. 4 ). An ATP level of only 10% with respect to the control was preserved in the presence of merely 8 nmol of DCCD per mg of cell protein. Concomitantly with the DCCD-induced inactivation of the ATP synthase, certain radioactive polypeptides were detected by SDS-PAGE of total cell lysates (Fig. 4, inset) , exhibiting molecular masses of less than about 60 kilodaltons (kDa). The degree of labeling increased with the total amount of the inhibitor in the preincubation mixture. In the experiment depicted in Fig. 4 (inset) , one band of 34 kDa apparent molecular mass (arrowhead) was already prominently marked after preincubation with <3 nmol of [14C]DCCD per mg of cell protein (e.g., Fig. 4, point C) .
To identify the molecular target of DCCD more precisely, (Fig. 5C ). Fluorographic analysis of the purified product exhibits several discrete bands likely to consist of different oligomeric forms, representing a ladder from n = 1 (7 kDa apparent molecular mass) to n = 5 or 6 (Fig. SC) . The Sulfolobus protein is made up of predominantly hydrophobic amino acids and reveals striking similarity to amino acid compositions found in the F0-derived proteolipids from E. coli and the thermophilic bacterium PS3 ( Table 3) . As with eubacteria, the small contribution of hydrophilic components leads to a polarity index (11) of 18.2% for the Sulfolobus proteolipid, thus qualifying it as an integral membrane component. N-terminal amino acid sequence analysis of the Sulfolobus proteolipid. Amino acid sequencing of the N terminus as well as of cyanogen bromide fragments revealed no indication of the presence of more than one polypeptide species in the purified protein. Though from the presence of two methionines (see amino acid analysis; Table 3 ) three fragments could theoretically be expected, only two CNBr cleavage peptides of 2 and 5 kDa molecular mass were found on SDS-PAGE, of which the 5-kDa species was inaccessible to amino acid sequencing because it was blocked.
Combined analysis of the N terminus and the 2-kDa CNBr fragment (starting from n = 11) led to a sequence information up to amino acid position 33 (Fig. 6) . Alignment of this partial sequence with N-terminal sequences of FoF1 ATPase proteolipids from the eubacterial E. coli and the thermophilic bacterium PS3 discloses striking relationships. A number of invariant or conservatively substituted amino acids (Fig. 6 , colons and periods, respectively) were determined in the Sulfolobus proteolipid. In addition, the archaebacterial protein also matches those positions exhibiting a conserved G or A or an invariant G (indicated by asterisks in Fig. 6 ) in all of the Fo-derived proteolipids sequenced by Sebald and Hoppe (62) .
DISCUSSION
Our results greatly suggest that electron transport-driven phosphorylation (oxidative phosphorylation) takes place in S. acidocaldarius with protons used as coupling ions. This conclusion is supported by the identification and partial sequencing of a membrane-residing proteolipid presumably providing a constituent of a proton channel, as is typically present in FOF1-type ATP synthases. Nevertheless, certain aspects require more detailed discussion. a The S. acidocaldarius proteolipid, recovered from 2:1 (vollvol) CHCl3-methanol, was dissolved in 98% formic acid, oxidized by H202-formic acid, and further analyzed, as described previously (29) . Amino acid residues were determined as next integral numbers. b The polarity index was calculated as in reference 11. Data taken from reference 62. d ND, Not determined.
Electrochemical H+ gradient of S. acidocaldarius. Consistent with their usual acidic milieu, S. acidocaldarius cells can generate a significant proton motive force by respiration. As with other acidophiles, Ap consists mainly of a ApH (24, 37, 47) rather than a membrane potential across the cytoplasmic membrane. This is in contrast to neutrophilic microorganisms, for which normally Aqp is the predominant component of /p (reviewed in reference 33). zt4 is small but negative inside for S. acidocaldarius (Table 1) . On the other hand, an inside-positive charge, as found in different acidophiles, has been suggested to partially compensate for large pH gradients (31, 36, 45) . The intracellular pH of S. acidocaldarius, measured to be about 5.6 in this study, appears lower than those of neutrophilic and certain other acidophilic bacteria (33, 47) . In fact, these findings in principle are supported by other studies on acidophilic bacteria (45, 60, 66) , including S. acidocaldarius (26, 46) . The divergency of reported data, however, may result simply from the different techniques of measurement (for an extensive discussion, see reference 33). The occurrence of relatively low internal pH values as measured in this study is also supported by the slightly acidic pH optima of several characteristic enzyme activities (43, 67, 68) .
Correction of energy-independent probe binding. As stressed by Michels and Bakker (47) , serious technical problems may arise from the strict dependence of ApH and A& on the medium pH and the energy-independent probe binding to bacterial cell components. Because strong binding effects and a relatively low probe accumulation are involved for S. acidocaldarius, the internal-binding model of Zaritsky et al. (72) (Fig. 1) .
Effects of DCCD on ATP synthesis. Upon binding to FoF, H+-ATPase, DCCD blocks proton permeability, and consequently membrane hyperpolarization as well as depressed oxygen uptake occur. Because DCCD is also competent to react with other proton pumps (3, 64) , reversibility of respiratory depression in DCCD-prelabeled Sulfolobus cells necessarily had to be demonstrated. In fact, the addition of protonophores stimulated the 02 uptake rate and concomitantly reduced the electrochemical proton gradient. Therefore, S. acidocaldarius exhibits a typical respiratory control effect, as previously described for mitochondria (12) and also the eubacterium E. coli (10) .
An open question seems to be imposed by the phenomenon of apparent ATP synthesis after treatment of Sulfolobus cells with a combination of DCCD and protonophores. The analysis of time courses of ATP and ADP and of their sum indirectly demonstrates the buildup of significant amounts of AMP upon action of DCCD (Fig. 4A) , suggesting a possible role for adenylate kinase (whose existence has been proven in cell extracts [M. Lubben, unpublished data]), partially compensating for the loss of ATP.
Localization of DCCD-binding protein. Although efficient blocking of ATP synthesis was achieved with S. acidocaldarius with relatively low concentrations of DCCD, the inhibition could not be assigned unambiguously to the covalent reaction with a unique specific membrane protein in intact Sulfolobus cells. If the complex reaction mixture was analyzed by gel electrophoresis, several polypeptide bands became successively radioactively labeled, displaying one prominent band at 34 kDa. Though distinct, this band cannot be safely ascertained to represent the respective ATP synthase protein. Because of its chemical reactivity (3), the DCCD inevitably intensifies nonspecific background labeling at high total concentrations. Therefore, additional discrete bands with apparent molecular masses greater and smaller than 34 kDa became tagged whether or not the respective protein(s) were engaged in the phosphorylation reaction in vivo.
On the other hand, it is known that the extremely hydrophobic DCCD-reactive protein from energy-transducing FOF1 H+-ATPases, which is normally assembled from 6 to 12 copies attached to each other in the native complex (21, 22, 61) , tends to assume various oligomeric states even when investigated by SDS gel electrophoresis (22, 61, 65) . Similarly, the banding pattern in Fig. 4 may result from the predominance of multiple-association forms of a single lowmolecular-mass polypeptide. In this context, the 34-kDa band may be provided with particular stability. Accordingly, a CHCl3-methanol-extractable [14C]DCCD-binding protein obtained by labeling isolated S. acidocaldarius membranes was regarded as the monomeric species of 7 kDa molecular mass. Again, on SDS gels the purified Sulfolobus proteolipid appeared as an ensemble of various oligomeric forms, displaying molecular masses attributable to integer monomers ranging up to about 6 (Fig. SC) . Presumably the tendency to generate stable aggregates results from altered conformations in various solvents and may be additionally overlaid by unusual electrophoretic mobility, which has been attributed at least to the mitochondrial proteolipid (35) .
Relation of DCCD-binding protein to the ATP synthase. The archaebacterial proteolipid identified and characterized in this study is likely to be the constituent conferring DCCD sensitivity to the ATP synthase of Sulfolobus species. Further structural information, especially on the membraneresiding part of the complex, may provide clues for the decisive classification among F-and V-type ATPases (7, 52, 55, 59) .
Beside catalytic subunits, the vacuolar ATPase from bovine chromaffin granules contains a 16-kDa proteolipid (44) , which constitutes about twice the molecular mass resolved in this study for the corresponding 7-kDa Sulfolobus protein.
Complete amino acid sequence analysis of the 16-kDa eu-caryotic polypeptide reveals a composite primary structure of two portions, which are homologous to the Fo proteolipids of E. coli, chloroplasts, or yeast mitochondria on the first half of the molecule and to those of bovine or Neurospora mitochondria on the second half (44) . Thus, from an evolutionary point of view, the vacuolar-proteolipid gene seems to have been developed by duplication of a smaller ancestral proteolipid gene (44) . On the other hand, the 7-kDa S. acidocaldarius DCCD-binding proteolipid is strictly related to equivalent eubacterial or yeast mitochondrial ATPase (62, 70) subunits with respect to primary structure. Hence, this archaebacterial proteolipid matches better to the low-molecular-mass Fo constituent of eubacteria, mitochondria, and chloroplasts than to the 16-kDa integral membrane protein of vacuolar ATPase. This view is further confirmed by nucleotide sequence analysis of a gene from the strain S. acidocaldarius 9 encoding a proteolipid of a calculated molecular mass of 10,362 Da (18) . When the predicted proteolipid amino acid sequence was aligned from its position 23 to the N terminus of our chemically determined partial sequence from S. acidocaldarius DSM 639, 82% of the amino acids were found to be identical, which strongly suggests that the polypeptides are homologous. Therefore, the protein may also exist in an immature form extended by 22 residues at the N terminus. After in vivo cleavage of the presequence, a polypeptide with a significantly reduced molecular mass should be left, which in turn fits fairly well with the value of 7 kDa determined by electrophoretic methods in this study.
At present there is no knowledge of additional polypeptides, which will be necessary to support the idea of a functionally competent proton channel as found in eubacterial Fo (58) .
An increasing number of soluble ATPases from archaebacterial sources have been purified and characterized (28, 32, 34, 43, 50) . Considerable evidence from immunological cross-reactivity data obtained with antibodies directed against specific subunits (41) or against the whole complex of the soluble ATPase from Sulfolobus species (49) suggests that these enzymes are closely related to each other, irrespective of their origin from methanogens, halobacteria, or sulfur-dependent thermoacidophiles. A rather strong homology of the Sulfolobus ATPase to vacuolar than to F1 ATPase has been suggested by nucleotide sequence data (16, 17, 51) . It is not justified, however, to infer a confined, unequivocal role of vacuolar-type ATPase in cellular ATP synthesis of this archaebacterium, since V-type ATPases also exhibit significant structural homology to F-type ATPases (8, 73) .
On the other hand, only FOF,-ATPases have been established as universal catalysts of electron transport-driven phosphorylation as yet in energy-transducing membranes. In fact, the ATPase solubilized from Sulfolobus membranes is intimately related to eubacterial and organellar eucaryotic F1 ATPase by immunological cross-reactivity of their structurally strongly conserved (69) f3 subunits (41) , which are presumed to carry the catalytic sites of ATP synthase (reference 63 and references therein). In extension, observation of the Fl-characteristic pseudohexagonal quaternary structure also in the Sulfolobus ATPase via electron microscopy strikingly enhances this similarity (42) .
